The amyloid b (Ab) protein is a major component of senile plaques, one of the neuropathological hallmarks of Alzheimer's disease. Amyloidogenic processing of amyloid precursor protein (APP) by b-and c-secretases leads to production of Ab. APP contains tandem triple repeats of the GXXXG motif in its extracellular juxtamembrane and transmembrane regions. It is reported that the GXXXG motif is related to protein-protein interactions, but it remains controversial whether the GXXXG motif in APP is involved in substrate dimerization and whether dimerization affects c-secretasedependent cleavage. Therefore, the relationship between the GXXXG motifs, substrate dimerization, and c-secretasedependent cleavage sites remains unclear. Here, we applied blue native poly acrylamide gel electrophoresis to examine the effect of alanine substitutions within the GXXXG motifs of APP carboxyl terminal fragment (C99) on its dimerization and Ab production. Surprisingly, alanine substitutions in the motif failed to alter C99 dimerization in detergent soluble state. Cellbased and solubilized c-secretase assays demonstrated that increasing alanine substitutions in the motif tended to decrease long Ab species such as Ab42 and Ab43 and to increase in short Ab species concomitantly. Our data suggest that the GXXXG motif is crucial for Ab production, but not for C99 dimerization.
component of senile plaques that possesses cell toxicity (Masters et al. 1985; Younkin 1995; Glenner and Wong 1984a,b) . Therefore, it is important to decrease the level of Ab42 to prevent AD. However, the mechanism of Ab42 production remains unclear. APP contains three repeats of the GXXXG motif in the extracellular juxtamembrane and transmembrane regions. The GXXXG motif is known to be associated with protein-protein interactions (Russ and Engelman 2000; Mark and Dieter 2015) . It has been reported that these motifs are involved in dimerization of APP and its derived substrate (i.e. C99), that alanine substitution in the GXXXG motifs attenuates the dimerization and causes both a decrease in the level of Ab42 and an increase the production of short Ab species (i.e., Ab34, Ab35, Ab37, and Ab38) (Munter et al. 2007) . In contrast, it has also been reported that leucine substitutions in the motifs promote the dimerization of C99, and that this substitution results in a decrease in Ab40 and Ab42 levels (Kienlen-Campard et al. 2008) . Another study reported that substrate dimerization and c-secretase-dependent cleavage are independent processes (Jung et al. 2014) . Therefore, it remains controversial whether the GXXXG motifs are involved in substrate dimerization and whether dimerization affects c-secretase-dependent cleavage.
In this study, we applied blue native poly acrylamide gel electrophoresis (BN-PAGE) to examine the effects of alanine substitutions in the GXXXG motifs on C99 dimerization. BN-PAGE is an ideal approach to examine the state of proteinprotein interactions because it allows the separation of protein complexes without interfering with intra-and extra-protein interactions (Sch€ agger and von Jagow 1991; Sch€ agger 2001; Sch€ agger et al. 1994; Wittig et al. 2006) . We also investigated the relationship between alanine substitutions in the GXXXG motif and c-cleavage sites by using 3- [(3-cholamidopropyl) dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPSO)-solubilized c-secretase assay because it allows the pure reaction between enzyme and substrate without intracellular location, and living cell system.
Materials and methods

Antibodies
The following antibodies were used in this study: anti-human Ab antibody 82E1 (IBL, Gunma, Japan); anti-human Ab antibody 4G8 (Covance, Princeton, New Jersey, USA); ANTI-FLAGâ M2 antibody (Sigma-Aldrich (St. Louis, Missouri, USA)), anti-nicastrin antibody N1660 (Sigma-Aldrich); anti-PS1-carboxyl-terminal fragment (CTF) antiserum (a gift from Drs T. Tomita and T. Iwatsubo, The University of Tokyo); anti-presenilin enhancer-2 antibody (a gift from Dr. A. Takashima, The University of Gakushuin); and anti-Aph-1a loop antibody O2F1 (Covance).
Cell culture and transfection
Chinese hamster ovary (CHO) cells were cultured in Dulbecco's modified Eagle's medium (WAKO, Osaka, Japan) supplemented with 10% fetal bovine serum (Invitrogen, Waltham, Massachusetts, USA) and penicillin/streptomycin (Invitrogen). CHO cells were cultured in 12-well plates and transfected with pcDNA3.1 carrying wild type (WT), 3G, 2G, 1G, and 0G (Fig. 1) . 48 h later, cells and conditioned media were collected and subjected to western blotting to visualize and quantify the production of C99 and Ab by 82E1 antibody. For BN-PAGE analysis, cells were homogenized with NativePAGE TM Sample Buffer (49) (Invitrogen) and 1/10 volume of 10% N-dodecyl-b-D-maltoside (Invitrogen) in phosphate-buffered saline. The suspension was ultracentrifuged at 100 000 g 4°C for 15 min. The supernatant were collected and then mixed with NativePAGE TM Sample Buffer (49) (Invitrogen) and 1/5 volume of NativePAGE TM 5% G-250 Sample Additive (Invitrogen). Preparation of C99-FLAG Substrates-C99-FLAG substrates were prepared in this laboratory according to a published protocol (Kakuda et al. 2006) . After preparation, they were validated for purity and quantified by Coomassie brilliant blue staining after gel electrophoresis.
Blue native PAGE and 2D PAGE A 1/10 volume of 10% N-dodecyl-b-D-maltoside (Invitrogen) was added to each C99-FLAG substrate solution, and then mixed with NativePAGE TM Sample Buffer (49) Agent and 20% ethanol) at 23°C for 30 min. The equilibrated gel strip was applied to a 12% Tris-Tricine gel containing SDS, and SDS-PAGE was performed. The 1-and 2D gels were transferred onto polyvinylidene difluoride membranes (0.2 lm pore size) (Pall Life Sciences, Port Washington, New York, USA). All blots were boiled in phosphate-buffered saline (90 mM NaCl, 3 mM KCl, 8 mM Na 2 SO 4 , and 1.5 mM KH 2 SO 4 ) for 4 min to facilitate immunodetection, and were then blocked in 5-10% skim milk for 30 min. 82E1 antibody was used to detect monomers, dimers, trimers, and high-molecular-weight (HMW) smears of each substrate.
Ab and AICD detection by CHAPSO-solubilized c-secretase assay system Preparation of CHAPSO-solubilized c-secretase and its assay system were as described previously (Kakuda et al. 2006) . Before starting the reaction, the residual Nonidet-P 40 in the substrate must be evaluated carefully. Its final concentration in all reactions must be less than 0.05% because higher concentrations in the reaction mixture ablate c-secretase activity. In this study, we maintained the final Nonidet-P 40 concentration at 0.045%. The reaction mixture was incubated at 37°C for 4 h. The samples were separated on 12% Tris-Tricine SDS-containing gels by SDS-PAGE. Gels were transferred onto a nitrocellulose membrane (0.2 lm pore size) (GE Healthcare, Chicago, Illinois, USA). The subsequent procedure was as described above. 82E1 antibody was utilized to detect Ab and anti-M2 FLAG antibody was used to detect AICD.
MALDI-TOF-MS
After incubating the samples in the CHAPSO-solubilized csecretase assay system with C99-FLAG as described above, 1/10 volume of 10% Nonidet-P 40 was added to stop the reaction between the substrate and c-secretase. The mixture was agitated with 25 lL of Protein G Sepharose beads (GE Healthcare) and 3 lL of ANTI-FLAGâ M2 antibody (Sigma-Aldrich) at 4°C overnight to remove AICD. The suspension was centrifuged at 7,900 9 g at 4°C for 1 min. The supernatants were agitated with 25 lL of Protein G Sepharose beads (GE Healthcare) with 3 lL of 4G8 antibody at 4°C overnight. The suspension was centrifuged at 7,900 9 g at 4°C for 1 min. After removing the supernatants, the beads were washed five times with 1 mL of tris-buffered saline (50 mM Tris-HCl, 150 mM NaCl, pH 7.6) then three times with 1 mL of deionized water. After sufficient washing, the beads were dried at 30°C in a SpeedVac and eluted with a matrix composed of a mixture of 2.5% trifluoroacetate and 50% acetonitrile containing acyano-4-hydroxycinnamic acid incubated at 37°C for 30 min. The masses of the peptides were defined by matrix-assisted laser desorption/ ionization time of flight mass spectrometer (MALDI-TOF-MS), using a 4800 Plus MALDI-TOF-TOF TM Analyzer AB Sciex (Framingham, Massachusetts, USA).
Coimmunoprecipitation of C99-FLAG substrates
Coimmunoprecipitation of C99-FLAG substrates was conducted as described previously (Funamoto et al. 2013) . C99-FLAG substrates were immobilized on ANTI-FLAGâ M2 Magnetic Beads (Sigma-Aldrich) by incubating them together at 4°C for 2 h. The beads were incubated with CHAPSO-solubilized c-secretase at 4°C overnight. After sufficient washing of the coimmunoprecipitates, samples were subjected to western blotting to detect PS1-CTF.
Kinetics analysis
The CHAPSO-solubilized fraction was incubated with varying amounts of C99-FLAG, and the production of Ab was quantified. The amount of Ab produced after 4 h was plotted against C99-FLAG concentrations. Preparation of CHAPSO-solubilized csecretase was as described previously (Kakuda et al. 2006) .
Statistical analysis
Band intensity was quantified using a LAS-4000 luminescent image analyzer (Fujifilm, Tokyo, Japan). Scheffe's post hoc test was used for comparison of mutants with WT. All data are shown as means AE SD, and statistical significance was assessed at p < 0.05.
Results
No effect on C99 dimerization of alanine substitution in GXXXG motifs To investigate whether the GXXXG motif is involved in the dimerization of the full-length substrate, alanine residues were substituted at position(s) G37, G33/37, G29/33/37, and G25/29/33/37 in the motif of C99-FLAG (referred to as 3G, 2G, 1G, and 0G, respectively) ( Fig. 1) . We expressed these mutants in Sf9 cells using recombinant baculovirus according to the manufacturer's instructions. The infected cells were harvested, and substrates were prepared as described previously (Kakuda et al. 2006) . After quantification, equal amounts of each mutant were subjected to BN-PAGE followed by immunochemical detection (Fig. 2a) . Surprisingly, no significant differences were observed between any mutant and WT in the ratios of monomer, dimer, trimer, and high-molecular-weight (HMW) smears (Fig. 2b) . It is important to note the lack of significant changes in the percentages of dimers and trimers, even in the case of 0G, the C99-FLAG in which all the glycines of the GXXXG motifs were substituted with alanine residues. One possible interpretation for this no significant change in multimeric formation of C99 is structural or size similarity between glycine and alanine residues. To test this possibility, we performed leucine or phenylalanine substitution at positions G25/29/33/37 in the motif of C99-FLAG (referred to as 0G(L) and 0G(F), respectively) ( Figure S1a ). We found no effect of these substitutions on C99 dimerization ( Figure S1b and c) . These data indicate that the GXXXG motif is not crucial for formation of C99 dimers and trimers, although the HMW smear bands for 0G tended to decrease in intensity. These dimer, trimer, and HMW smear dissociated into monomers in SDS-PAGE, implying that formation of C99 oligomers depends on hydrophobic interactions rather than on the
Transmembrane domain GXXXG motif ( Figure S2 ). Next, we expressed these mutants in CHO cells to examine the effect of substitutions in living cells. Lysates of transfected cells were subjected to BN-PAGE followed by immunochemical detection (Figure S3) . We failed to detect discrete multimeric and monomeric bands of C99 substrate in cells probably because of residual components such as interacting lipids and proteins, regardless our enthusiastic efforts.
Alanine substitutions in GXXXG motifs resulted in decreased levels of long Ab species and a concomitant increase in levels of short Ab To ascertain whether alanine substitutions in the GXXXG motifs affect Ab production, we expressed mutants in CHO cells and quantified the levels of released Ab. Ab production from 1G was significantly increased compared with WT ( Fig. 3) .
To examine the effects of alanine substitutions in the GXXXG motif on production of Ab species, the total Ab in conditioned media of mutants was analyzed using MALDI-TOF-MS. The percentages of Ab40 and Ab42 decreased for all mutants and the rate of Ab38 production increased for all mutants ( Fig. 4a and b) . In addition, production of short Ab species (e.g., Ab34) was elevated for 2G, 1G, and 0G ( Fig. 4a and b) . The ratios of Ab37/Ab40 and Ab38/Ab42 can be considered as product/precursor ratio (Takami et al. 2009; Takami and Funamoto 2012; Kakuda et al. 2012 Kakuda et al. , 2013 Ch avez-Guti errez et al. 2012; Matsumura et al. 2014) . Increasing the number of substitutions tended to increase the product/precursor ratio ( Fig. 4c and d) . We failed to detect Ab43 in these conditioned media and were unable to calculate the Ab40/Ab43 ratio (Fig. 4a) . Our data demonstrate that the c-cleavage site shifts toward the amino terminus by alanine substitution at GXXXG motifs ( Fig. 4c  and d) .
To gain insights on enzymatic features of substituted substrates, we performed CHAPSO-solubilized c-secretase assay, which allows free collision between enzyme and substrate in soluble state (Kakuda et al. 2006) . Surprisingly Ab production from 1G and 0G in the c-secretase assay was significantly reduced compared with WT in contrast to cellbased assay, suggesting that 1G and 0G mutants are inefficient substrates of c-secretase ( Figure S4 ; see also Fig. 3) . Levels of AICD, a counterpart of Ab, also decreased in those mutants ( Figure S5 ). To examine whether c-secretase fails to recognize these mutants or to cleave them in the c-secretase assay system, we coimmunoprecipitated all the C99-FLAG substrates with CHAPSO-solubilized c-secretase (Funamoto et al. 2013) . Importantly, 1G and 0G showed distinct interactions with the PS1-CTF (Figure S6a and c) . Interestingly, 0G(L) and 0G(F) mutant substrates also exhibited comparable interaction with PS1-CTF to that of WT ( Figure S6b and c) . These data suggest that substitutions at GXXXG motifs affect cleavage efficiency by c-secretase rather than interaction with this enzyme.
To examine the effects of alanine substitutions in the GXXXG motif on production of Ab species in the csecretase assay, the total Ab produced from mutants was analyzed as in cell-based assay. MALDI-TOF-MS analyses demonstrated that the percentages of Ab42 and Ab43 decreased for all mutants, and although it was not statistically significant, a trend toward a concomitant increase in Ab38 and Ab40 production for 1G and 0G was observed ( Figure S7a and b) . In addition, production of short Ab species (e.g., Ab34) was elevated for 3G and 2G ( Figure S7a  and b) . We analyzed the ratios of Ab38/Ab42 and Ab40/ The intensity of each monomeric, dimeric, trimeric band, and HMW smear was measured using a LAS 4000 luminescent image analyzer. The percentage of each band was calculated as the sum of all with the peak intensity set at 100%. No significant differences were detected between these bands. Data are expressed as means AE SD (n = 3, ANOVA with Scheffe's post hoc test compared with wild type, WT).
Ab43, and showed that the ratios of Ab38/Ab42 and Ab40/ Ab43 had a tendency to increase for all mutants ( Figure S7c Figure S8b ). These suggest that alanine substitutions lead to increasing affinity to c-secretase despite reduced cleavage by this enzyme.
Discussion
We examined whether the GXXXG motif was involved in dimerization of full-length C99 substrate and whether alanine substitutions in the GXXXG motif affected c-secretasedependent cleavage of C99. We found that alanine substitutions in the GXXXG motifs did not significantly alter C99 dimerization in cell-based and c-secretase assays. In cellbased assay, Ab productions from CHO cells expressing mutant C99 were comparable overall, although 1G cells secreted more Ab (Fig. 3) . However, our data from csecretase assay indicate that alanine substitution in the motifs affected the cleavage efficiency by c-secretase. It is reasonable to consider that substitutions may alter subcellular localization of mutant C99 to enhance cleavage (Kokawa et al. 2015) .
Jung and colleagues, using a mutation involving the GXXXG motif (G29K/A30K), reported that c-secretase preferentially cleaved monomeric C99 rather than its dimer (Jung et al. 2014) . In contrast, our data indicated that, although the ratios of monomer to dimer for the mutants showed a similar trend to that observed by Jung et al., the cleavage efficiency of c-secretase was different. These data suggest that the cleavage efficiency might not always correlate with the tendency to form monomeric C99. Although the stoichiometry of the binding between csecretase and substrate remains unknown, it is reasonable to propose a one-to-one relationship between c-secretase and substrate during the reaction.
Interestingly, we found that the ratio of Ab37/Ab40 and Ab38/Ab42 tended to increase for all mutants in cell-based assay ( Fig. 4c and d ) and the ratio of Ab38/Ab42 and Ab40/ Ab43 had a tendency to increase for all mutants in CHAPSO-solubilized c-secretase assay ( Figure S7c and d) , and in particular, production of Ab34 increased for 2G, 1G, and 0G from conditioned media (Fig. 4b) and for 3G and 2G in CHAPSO-solubilized c-secretase assay ( Figure S7b ). These data indicate that the c-cleavage sites tended to shift toward the amino terminus.
Our data indicated that 1G and 0G mutants showed no significant alteration from WT in their interaction with PS1-CTF, the potential catalytic subunit of c-secretase (Figure S6a  and c) . Alanine in the transmembrane domain is known to have a strong helix-forming propensity, whereas glycine in the domain is a helix breaker (Pace and Scholtz 1998) . To our knowledge, alanine is a rare residue in the extracellular juxtamembrane domain of c-secretase substrates (Beel and The band intensity of Ab and C99 were measured using a LAS-4000 luminescent image analyzer. The ratio of Ab/C99 was calculated. Band intensity of Ab/C99 in wild type (WT) was set at 100%. Ab production from 1G was significantly increased compared with WT. Data are expressed as means AE SD (n = 3; **p < 0.01, ANOVA with Scheffe's post hoc test compared with WT).
Sanders 2008). Our data imply that membrane proteins containing multiple alanine residues in their extracellular juxtamembrane domain are ineffective substrates of csecretase despite showing no alteration in their interaction with this enzyme. 0G(L) and 0G(F) showed no significant alteration from WT in their interaction with PS1-CTF ( Figure S6b and c) and Ab production from 0G(F) would be increased compared with 0G(A) ( Figure S9 ). As described above, alanine in the transmembrane domain is known to have a strong helix promoter, and leucine has a similar propensity. However, phenylalanine has neither helix-forming propensity nor helix-breaking property (Pace and Scholtz 1998) . From these, substitutions in the GXXXG motifs did not affect the interaction of C99 with PS1-CTF and csecretase-dependent cleavage would be affected by strength of helix-forming of C99 ( Figure S6) .
Although western blotting analysis demonstrated that production of Ab was reduced for 1G and 0G in CHAPSO-solubilized c-secretase assay ( Figure S4 ), these mutants interacted with PS1-CTF ( Figure S6a and b) . Kleiger and colleagues reported that AXXXA motifs facilitate interaction of transmembrane a-helices (Kleiger et al. 2002) . Taking this into consideration, although 1G and 0G have two AXXXA motifs within their transmembrane domain, the binding properties of the substrates would be preserved.
The production of Ab from 1G in the c-secretase assay was significantly decreased compared with WT in contrast to cell-based assay ( Figure S4 ; see also Fig. 3) . The kinetics analysis indicated that the value of apparent K m and V max from 1G tended to be low compared with WT, although the value of V max /K m for 1G was similar to WT Percentage of Ab species from each C99-FLAG substrate was calculated by MS using peak intensity. The sum of all peak intensities was set as 100%, and the percentage of each Ab species was calculated. Percentages of Ab40 and Ab42 decreased in all mutants, and the ratio of Ab38 increased in all mutants. In addition, production of short Ab species (e.g. Ab34) was elevated for 2G, 1G and 0G. Data are expressed as means AE SD (n = 3, *p < 0.05; **p < 0.01, ANOVA with Scheffe's post hoc test compared with wild type, WT). (c)(d) Ratio of Ab37/Ab40 and Ab38/Ab42, which indicates the ratio of product/precursor, respectively. After the percentage of each Ab species calculated in (b) was averaged, we calculated the ratio of Ab37/Ab40 and Ab38/Ab42. The ratio of Ab37/Ab40 and Ab38/Ab42 tended to increase for all mutants.
( Figure S8b ). From these, one possible interpretation for increased Ab from 1G in cell-based assay would be because of the high affinity between enzyme and substrate, although 1G showed no significant alternation from WT in the ratio of V max /K m .
MALDI-TOF-MS analysis showed that level of Ab34 increased for 2G, 1G, and 0G from conditioned media (Fig. 4b) , and for 3G and 2G in CHAPSO-solubilized csecretase assay ( Figure S7b) . We have previously proposed two different pathways for Ab40 and Ab42 production by successive processing of C99 with release of tri-and tetrapeptides (Takami et al. 2009; Matsumura et al. 2014; Takami and Funamoto 2012; Yagishita et al. 2008) . From this, it is reasonable to consider that Ab34 is produced from the Ab40 production pathway (Ab40 > Ab37 > Ab34).
In conclusion, our data indicate that the GXXXG motif is crucial for Ab production, but not for C99 dimerization, and that in the mutants, the c-cleavage site tended to shift toward the amino terminus. declare that they have no conflicts of interests with the contents of this article.
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